Abstract-Lipoprotein particles (LPPs) are biological nanoparticles whose physiological roles are greatly influenced by their sizes. The four major classes of LP are: very low density lipoprotein, intermediate density lipoprotein, low density lipoprotein (LDL) and high density lipoprotein. Since the predominance of small, dense LDLs is associated with increased risk of coronary artery disease (CAD) and diabetes mellitus, LPP profiling can be used to predict metabolic risk factors. Highly tunable LPP mimics can be synthesized using nanoparticles to carefully control for size, lipid composition and surface charge to facilitate the study LPPs in CAD. Here, we engineered LPP mimics using gold nanoparticles between 10-50 nm in diameters. We measured the mobility and zeta potential of these LPP mimics and showed that each mimics have distinct electrokinetic properties and are electrostatically stable.
I. BACKGROUND
Lipoprotein particles (LPPs) are examples of biological nanoparticles (NPs) with characteristic sizes and functions. The four major classes of LP are: very low density lipoprotein (∅ >40 nm), intermediate density lipoprotein (30-40 nm), low density lipoprotein (LDL, ∅ 18-30 nm), and high density lipoprotein (∅ 8-13 nm) [1] . Since the physiological functions of LPPs are influenced by their size, LPP size profiling has emerged as a tool to more accurately assess the development of metabolic risk factors. For example, the presence of small, dense LDLs (sdLDLs, ∅ < 25.5 nm) are associated with increased risk of coronary artery disease (CAD) and diabetes [2] . While sdLDLs are implicated in CAD, the correlation between LPP size and atherogenicity is still undetermined. Therefore, LPP mimics using colloidal NPs with tunable size, lipid composition and surface charge can facilitate the study of membrane surface properties on LPP in atherogenesis. Gel electrophoresis (GE) has long been utilized to separate proteins and nucleic acids [3, 4] . The translational motion of particle during electrophoresis is governed by three forces acting on the particle: (i) applied electric field, (ii) Stokes viscous drag and (iii) hydrodynamic force [4] . The electrophoretic mobility (M o ) of a spherical particle with radius R and zeta potential (ζ) can be estimated using Henry's equation [3, 4] M o = (2ε ο ε w ζ/3η)f(κR) (1) where ε ο, ε w and η are the permittivity of vacuum, dielectric constant and viscosity of the medium, respectively and 1/κ is the Debye length. Therefore, while larger particles are separated primarily by size, separation of smaller particles involves the balance of counterions in the diffusive layer of the electric double layer (EDL) and Stokes viscous drag, which is proportional to the function f(κR), i.e., the ratio of the hydrodynamic force to the viscous drag [4] . Recently, GE has been employed to separate gold nanoparticles (AuNPs) based on size and shape [3, 5] . In order to be separated in the electrophoretic system, AuNPs must be stable and have the appropriate surface charge [6] . Surface functionalization of AuNPs is usually needed because citrate-capped AuNPs are not stable in existing electrophoresis buffer system. Particle stabilization can be achieved by covalent bond (e.g. thiolated derivatives) or through hydrophobic interactions (e.g. surfactants) [6] . In this work, we engineered LPP mimics using lipidencapsulated AuNPs (PC-AuNPs) to explore the influence of LPP size and charge on mobility. We showed for the first time that PC-AuNPs can be separated using GE and provide evidence that the lipid layer remained intact during electrophoresis using cyanide stability test.
II. MATERIALS AND METHODS

Materials.
Hydrogen tetracholroaurate (III) hydrate (HAuCl 4 , 99.9% Au) was from Strem Chemicals (Newbury Port, MA), sodium citrate dehydrate was from JT Baker (Philipsburg, NJ), L-α-phosphatidylcholine (PC, 95%,) was from Avanti Polar Lipids (Alabaster, AL), sodium oleate was from TCI America (Portland, OR). Reagents were used as is without further purification. All other chemicals were from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Preparation and Characterization Au P. AuNPs of various sizes were synthesized by citrate reduction method This work is supported by grants from the National Science Foundation (CBET-1033161) and the American Heart Association Postdoctoral Fellowship (10POST4070019).
according to Frens' protocol [7] . The average diameters of the synthesized AuNPs were determined by dynamic light scattering (DLS) ( Table 1) .
Preparation of PC liposomes. A PC lipid thin film (500 nmoles) was prepared by aliquoting 50 µL of soy PC stock (10 mM in chloroform) into a clean vial. A gentle steam of N 2 gas was applied to remove the solvent and the trace solvent was removed by vacuum overnight in a dessicator. HEPES buffer (1 mL, 10 mM) was added to rehydrate the dried PC film and the PC solution was sonicated in a bath sonicator (Branson, Danbury, CT) for 1 h. The sonicated lipids were then extruded through a 100 nm membrane (Avanti Polar Lipids, Alabaster, AL) to obtained small unilamellar PC liposomes.
Preparation of LPP mimics. LPP mimics were synthesized as previously described with slight modification [8, 9] (Fig 1) . A 1 mL aliquot of citrate-capped AuNPs was incubated with 100 nmoles sodium oleate at room temperature for 30 min to stabilize the AuNPs. The, the PC liposomes (100 nmoles) were added to the oleate-stabilized AuNP and incubated with stirring at room temperature for 1 h, followed by the addition of 10 nmoles decanethiol (Alfa Aesar, Ward Hill, MA) to anchor the lipids around the NPs. The LPP mimics were pelleted at 21,000 g for 30 min to remove excess reagents and re-buffered with HEPES buffer (10 mM HEPES, 250 µM CaCl 2 ).
Characterization of LPP mimics. The size of LPP mimics were measured using DLS and the stability was verified using a 24-h cyanide stability test [9] and the change in local surface plasmon resonance (LSPR) before and after cyanide were measured by UV/Vis spectroscopy ( Table 1) .
Mobility of LPP mimics by Gel Electrophoresis. The LPP mimics were separated on a 0.5X TBE + 0.005% SDS agarose gel with varying agarose percentage (T = 0.5-2.0 %). Electrophoresis was carried out for 30 min with electric field strengths between 2.3-3.0 V/cm. Photographs of the gel were taken using a digital camera after electrophoresis and the LPP migration was determined using Image J (http://imagej.nih.gov/) by measuring the distance (in cm) from the center of the wells to the center of the bands for each lane (Fig. 4) .
III. RESULTS AND DISCUSSIONS
Lipid packing and stability of LPP mimics. To confirm a single bilayer coating around the LPP mimics, the hydrodynamic diameters of the LPP mimics were estimated using DLS (Table 1 ). An 8-10 nm increase in diameter is expected for a single bilayer coating as the length of each PC lipid is ~2 nm [10] . Cyanide stability test was carried out to determine the completeness of lipid packing around the AuNP. UV/vis spectra of the LPP mimics were obtained before and after 24 h of cyanide exposure (Table 1 ). In the event where LPP mimics were not fully encapsulated, cyanide will decompose the gold and reduce the absorbance [9] . UV/Vis spectra showed stability for the LPP mimics as no significant decrease in absorbance (∆AU < 0.048) was observed after 24 hr of exposure to cyanide (Table 1) .
In-gel cyanide stability of LPP mimics. The stability of the LPP mimic was further confirmed using an in-gel cyanide stability test after electrophoresis. A time-course study revealed that the LPP mimics were cyanide-resistant for up to 1 h, while the uncoated AuNP decomposed within 15 min (Fig 2) .
Mobility and Ferguson analysis of LPP mimics. Using GE, we showed a size-dependent mobility of the LPP mimics (Fig. 3A) . The electrophoretic velocity (cm/s) of each LPP was dertemined by dividing the migration distance (in cm, Fig. 4B ) by the run time (30 min). The velocity was converted to absolute mobilty (M, cm 2 /V·s) by taking the ratio of the electrophoretic velocity (cm/s) to the electric field strength (V/cm) (Fig. 3C) to correct for the field strength variation across the different gel running apparatus used. Ferguson plot analysis (Fig. 3A) was employed to determine the electrokinteic properties of LPP mimics [11, 12] .
The logarithm of the measured mobility (log M) of the LPP mimics were plotted against increasing gel % (T) and the free mobility (M o ) and retardation coeffient (K R ) was obtained by linear regression (Table 2 , Fig. 4A ). The M o of the LPP mimics was extrapolated to T = 0% from the Ferguson plot (Table 2 ). The slopes from the Ferguson analysis indicated that K R was strongly dependent on particle and gel fiber size [11] , as larger particles are more retarded at higher T % (Fig. 4B) . At low gel %, the (K R ) 1/2 of a spherical particle is linearly proportional to the hydrodynamic radius (R) of that particle [11, 12] (K R ) 1/2 = aR+b (3) where a and b are constants that depend on the gel matrix and experimental conditions [13] . Therefore the (K R ) 1/2 vs. R calibration curve (Fig. 4B) can be used to estimate R for any non-spherical particle or particles with unknown sizes and shapes.
The M o of a particle is dependent on the size and zeta potential (ζ) of the particle [11] . From the Ferguson plot, M o values between -2.6-3.1x10 -4 cm 2 /V·s were extrapolated for the different LPP mimic sizes ( Table 2 ). The M o for LPP mimics suggested that GE separation of the LPP mimics was mainly due to particle size, and not surface charge as larger LPP mimics had slower mobility (Fig. 4A) .
Zeta potential of the LPP mimics. The zeta potential (ζ) is the electrostatic potential at the slip plane of a charged particle [14] . ζ measures the stability and interparticle interactions of colloids in suspension [13] , and a ζ > ±30 mV is needed to prevent aggregation of particles [15] . Using the M o obtained from eq. 2, the ζ of each LPP mimics can be estimated using Henry's equation (eq. 1). The f(κR) from Henry's equation is a correction factor given using [3, 12] 
and the Debye length (1/κ) can be estimated using [12] 1/κ = (ε 0 ε w k b T/2N A e 2 I) 1/2 (5) where ε 0 is the permittivity of vacuum (8.85x10 -12 C/V·m), ε w is the relative permittivity of water at 298 K (80.1), k b is the Boltzmann constant (1.38x10 -23 J/K), T is the temperature (298 K), N A is the Avogadro's number (6.02x10 23 mol -1 ), e is the electric charge (-1.60x10 -19 C), and I is the ionic strength of the buffer (in mol/m 3 ). I of the buffer can be calculated using [12] 
where C is the molar concentration of the ionic species, i and z is the charge of that ionic species [12] . The 1/κ in the electrophoretic buffer system used here (0.5X TBE: 45 mM Tris, 45 mM boric acid, 1 mM EDTA, 0.17 mM SDS) was 1.42 nm. The f(κR) for all LPP mimic sizes ranged between 2/3 < f(κR) < 1 (Table 2) , which is within the boundary limits of the Henry's equation [12] . The calculated ζ for the LPP mimics was between -53 mV and -62 mV ( Table 2 ), indicating that the LPP mimics were electrostaticaly stable in the buffer system and are not likely to aggregate. The ζ obtained by the Ferguson plot analysis and Henry's equation was in close agreement with previously reported ζ for citrate-capped AuNP between -30 to -50 mV [15, 16] . This also suggests that the ζ on the LPP mimics results primarily from the adsorbed citrate on the AuNP core and not from the lipid coating. The ζ of PC liposome is close to 0 mV due to its zwitterionic nature [14] . However, further studies are needed to determine the charge contribution from other reagents used during synthesis of LPP mimics (e.g. sodium oleate).
From the Ferguson anlaysis and Henry's equation, it is apparent that mobility of the LPP mimic was primarly influenced by the hydrodyanmic radius, R and not ζ, consistent with previous report that suggested the influence ζ on mobility was less signifcant at low buffer ionic strengths (I) [11, 12] . Therefore, with incresing I, we would expect a lower M o and consequently a smaller ζ due to a decrease in 1/κ. However, we would expect the slope, Κ R to remain constant for each particle size at different ionic strenths since K R depends of particle and gel fiber size, not ionic strengths.
IV. CONCLUSION
This work demonstrates for the first time that engineered LPP mimics using lipid coated AuNPs can be sizeseparated using GE and the lipid layer remained intact during electrophoresis. Using Ferguson analysis and Henry's equation, we quantified the electrokinetic properties M o , K R and ζ for each LPP mimics. From the ζ, we concluded that the LPP mimics were electrostatically stable under the electrophoretic conditions and are not likely to aggregate. We also determined that the mobility was mainly influenced by the particle size, and less significantly by ζ.
The experimental and analytical methods developed here provide a foundation for future work on measuring M 0 and ζ as a function of lipid composition and surface charges. A simple and nonimmunogenic sdLDL model using PC-AuNP can facilitate future protein binding and in vitro studies to independently examine the role of membrane curvature, lipid composition and surface charge that leads to sdLDL aggregation and atherogenesis. 
